To examine functional interactions between prefrontal and medial temporal brain areas during face memory, blood flow was measured in patients with Alzheimer's disease and healthy controls using PET. We hypothesized that controls would show correlated activity between frontal and posterior brain areas, including the medial temporal cortex, whereas patients would not, although frontal activity per se might be spared or even increased compared with controls. We used a delayed match to sample paradigm with delays from 1 to 16 s. There was no change in recognition accuracy with increasing delay in controls, whereas patients showed impaired recognition over all delays that worsened as delay increased. Controls showed increased activity in the bilateral prefrontal and parietal cortex with increasing delay, whereas the patients had increased activity in the right prefrontal, anterior cingulate and left amygdala. Increased activity in the right prefrontal cortex was associated with better memory performance in both groups and activity in the left amygdala was correlated with better performance in the patients. Based on these task and behavioural effects, we examined functional connectivity of the right prefrontal cortex and left amygdala in both groups by determining those areas whose activity was correlated with activity in
Introduction
Dysfunction in episodic memory is one of the earliest and most devastating symptoms of Alzheimer's disease (Grady et al., 1988; Price et al., 1993; Zec, 1993; Jacobs et al., 1995) . Delayed memory is affected to a greater extent than © Oxford University Press 2001 these regions. In controls, activity in the right prefrontal cortex was positively correlated with blood flow in the left prefrontal cortex, bilateral extrastriate and parietal areas and the right hippocampus. In patients, activity in the right prefrontal cortex was correlated mainly with other prefrontal regions. Areas where activity was correlated with the left amygdala in patients included the bilateral posterior parahippocampal gyri, a number of left prefrontal regions, anterior and posterior cingulate, thalamus, and insula. Controls had a relatively restricted set of regions where activity correlated with the left amygdala, mainly temporal and occipital areas. These results support the idea of a functional disconnection between the prefrontal cortex and the hippocampus in Alzheimer's disease and suggest that memory breakdown in early Alzheimer's disease is related to a reduction in the integrated activity within a distributed network that includes these two areas. The unexpected finding of increased involvement of the amygdala suggests that the patients may have processed the emotional content of the faces to a greater degree than did the controls. Furthermore, the positive association between amygdala activity and memory performance in the patients suggests a possible compensatory role for an emotion-related network of regions.
is immediate memory, although the latter is clearly impaired (Moss et al., 1986; Hart et al., 1988; Welsh et al., 1991) . Delayed memory is usually tested over a period of several minutes to an hour, but even delays of a few seconds are sufficient to cause a deficit in Alzheimer's disease patients (Sahakian et al., 1988) . This impairment of delayed memory in Alzheimer's disease is consistent with the damage to medial temporal structures, including the hippocampus and entorhinal cortex, that is thought to occur early in the disease (Braak et al., 1993; Kemper, 1994) . It is also consistent with the increasingly important role that the hippocampus plays in memory as the length of the retention interval increases (Squire, 1992) . It has been shown that the volume of medial temporal regions is correlated with delayed but not immediate memory performance in Alzheimer's disease patients (Kohler et al., 1998) and in non-demented elderly individuals (Golomb et al., 1994; Convit et al., 1997) .
Although these studies highlight the importance of memory and its dependence on medial temporal function early in the course of Alzheimer's disease, the medial temporal areas are not the only brain regions that mediate memory function or that are damaged in Alzheimer's disease. Widespread areas of cortex have been found to be involved in one or more types of memory in humans (for reviews see Grady, 1999; Cabeza and Nyberg, 2000) as well as in nonhuman primates (Fuster et al., 1985; Goldman-Rakic, 1990; Miller et al., 1991) . Neuroimaging techniques, particularly PET, have shown that parietal and temporal cortices that are important for memory function are affected relatively early in the course of Alzheimer's disease (Foster et al., 1984; Friedland et al., 1985; Haxby et al., 1985; Jagust et al., 1988; McGeer et al., 1990) , whereas in many patients the frontal cortex is affected later in the course of the disease (Chase, 1987; Grady et al., 1990) . This progression of brain abnormalities is reflected in the behavioural deficits that are seen, with problems of attentional function, presumably mediated by the frontal cortex, evident at more severe stages of the disease than temporally mediated memory deficits (Grady et al., 1988; Sahakian et al., 1990) . These patterns of deficit suggest that memory function in early Alzheimer's disease may be accompanied by a decrease of activity in the temporal cortex, both medial and lateral regions, but with relative sparing of prefrontal involvement.
Functional neuroimaging studies of memory function in Alzheimer's disease patients have provided some support for this idea, at least for verbal memory. In two studies of word recall, mildly demented patients showed increased activity in most of the areas activated in healthy elderly controls, although they failed to show activation in the hippocampus (Becker et al., 1996; Backman et al., 1999) . However, the patients showed increased activity compared with controls in some regions of the prefrontal cortex, particularly in the left hemisphere. This additional increase in prefrontal activation in the patients was interpreted as a compensatory reallocation of cognitive resources during the memory task, although the patients were significantly impaired in performance on the word memory tasks. A study of overt verbal rehearsal of word lists also found that the prefrontal cortex was utilized to a greater degree in the patients compared with age-matched controls during the rehearsal phase, although activity in other areas, such as the premotor cortex, was reduced (Woodard et al., 1998) . This increased prefrontal activation was accompanied by normal rehearsal rates in the patients, but their ability to remember the words later was impaired. Thus, all of these experiments suggest that early in the course of Alzheimer's disease, prefrontal activation is maintained and may even be increased above normal levels in some memory tasks. However, this redistribution of cognitive resources may not be sufficient to maintain performance at normal levels. Increased utilization of the frontal cortex also has been found in healthy elderly adults in comparison with young adults during memory tasks (Cabeza et al., 1997; Grady et al., 1998; Madden et al., 1999; Reuter-Lorenz et al., 2000) .
To date there have been no reports of how brain activity is altered during visual non-verbal memory tasks in Alzheimer's disease patients. In the current experiment we were interested in examining the changes in brain function that accompany the decline in memory for faces in early Alzheimer's disease as well as the effect of increasing delay between stimulus presentation and recognition. A focus of this work is the delineation of the functional interactions among brain areas during memory processing, i.e. the functional connectivity. The assessment of functional connectivity is based on the assumption that memory and other cognitive abilities are the result of the integrated activity in networks of regions, rather than activity in any one region in isolation (Friston et al., 1993; Horwitz, 1994; McIntosh and Gonzalez-Lima, 1994) and that these network interactions are disrupted by the neural degeneration of Alzheimer's disease. We found previously that the face perception network was altered in Alzheimer's disease patients such that the interaction between the posterior face processing regions and the frontal cortex was disrupted . In healthy older controls, activity in a region of the right prefrontal cortex was highly correlated with activity in occipitotemporal regions during the face perception task, whereas in the Alzheimer's disease patients this frontal area was only correlated with other prefrontal regions, suggesting an alteration of frontally mediated processing even during perception.
When a memory delay was introduced into this match-tosample task, both young and old healthy adults showed increased activity in prefrontal regions with increasing delay, although only the young adults showed an increase in hippocampal activity Grady et al., 1998) . We hypothesized that Alzheimer's disease patients would be impaired on this delayed face memory task, particularly as delay increased and would show increased activity in prefrontal cortex, but not in the hippocampal region. We also predicted that there would be decreased interactions between prefrontal and posterior regions of the brain as we had seen for face perception, including interactions with medial temporal areas. In the current experiment these predictions were confirmed in that the patients showed reduced functional interactions between right hemisphere prefrontal and medial temporal regions. An unexpected finding was that the patients utilized a group of regions not engaged by healthy elderly adults, which included the left amygdala, other limbic areas, and the left prefrontal cortex.
Methods Participants
The participants in this experiment were 21 healthy elderly individuals (nine women and 12 men; mean age ϭ 66.1 Ϯ 4.5 years, range 57-74 years) and 11 mildly demented patients with a diagnosis of Alzheimer type dementia, three with possible Alzheimer's disease (based on their cognitive decline being limited to memory) and eight with probable Alzheimer's disease (four women, seven men; mean age ϭ 68.5 Ϯ 11 years, range 49-84 years; Mini-Mental State Examination ϭ 24 Ϯ 4). Both groups had a mean of 16 years of education; the Full Scale IQ (Wechsler, 1955) of the control group was 129 Ϯ 7 and that of the Alzheimer's disease group was 109 Ϯ 14. All participants were screened (Duara et al., 1984) to rule out any diseases (other than Alzheimer's disease in the patients) or medications that might alter cerebral function, including those commonly used for the treatment of Alzheimer's disease. Sixteen of the healthy controls were part of a previously published study of face memory in young and old adults (Grady et al., 1998) . All patients and controls gave written informed consent to participate in this study which was approved by the ethics committee of the National Institute on Aging (USA).
PET scanning
PET scans, with injections of 37.5 mCi of H 2 15 O each and separated by 12 min, were performed on all participants. Scans were performed on a Scanditronix PC2048-15B tomograph (Uppsala, Sweden), which has a reconstructed resolution of 6.5 mm in both transverse and axial planes. This tomograph allows 15 planes, separated by 6.5 mm (centre to centre), to be acquired simultaneously. Emission data were corrected for attenuation by means of a transmission scan obtained at the same levels as the emission scans. Head movement during the scans was minimized by using a thermoplastic mask that was molded to each subject's head and attached to the scanner bed. Each task started 1 min prior to isotope injection and continued throughout the scanning period. Scanning began when the radioactive count rate in the brain reached a threshold value and continued for 4 min. Arterial blood sampling was initiated at the time of injection and continued throughout the scanning period. Cerebral blood flow was calculated using a rapid least squares method (Holden et al., 1981; Carson et al., 1987) 
Stimuli and tasks
All subjects performed a sensorimotor control task (presented at the beginning of the scanning session) and four delayed match-to-sample tasks using faces as stimuli (with the order of conditions counterbalanced across subjects). The delay interposed between the presentation of the sample and choice faces was either 1, 6, 11 or 16 s . All matching tasks utilized a forced-choice, two-alternative format and each stimulus array consisted of three squares, one on the top of the array and two on the bottom. Each trial in the delayed matching tasks began with the presentation of an unfamiliar face in the upper square of the stimulus array and ended with the presentation of two choice faces in the bottom squares of the array. One of the choice faces was the face that had been presented at the beginning of the trial and one was a distracter. The delay between sample and choice faces was filled with 0-3 blank stimulus arrays, in which all three squares contained smaller grey squares. All stimulus arrays were presented for 4 s, separated by a 1 s interval. The subject indicated which of the two choice faces was a correct match by pressing a button with either the right or left thumb, depending on whether the correct choice stimulus was on the right or left side. The control task consisted of a single stimulus that was presented repeatedly and subjects were instructed to alternate right and left hand responses to repeated presentations of the control stimulus. This stimulus consisted of a noise pattern (with visual complexity similar to the faces) that was placed in all three squares of the stimulus array. A Macintosh computer was used to control the presentation of the stimuli as well as record reaction times and accuracy. All subjects with less than 20/20 vision uncorrected wore glasses during the scan, either their usual corrective lenses, or lenses custom-made to correct the subject's vision for the viewing distance used during the scanning session (55 cm).
Data analysis
Reaction time and accuracy (percentage correct) were analysed with repeated measures ANOVAs (analysis of variance). These analyses were carried out on 19 controls and 10 Alzheimer's disease patients (some behavioural data were missing due to technical problems). PET data were registered using AIR (Woods et al., 1992) , spatially normalized to the Talairach and Tournoux atlas coordinate system (Talairach and Tournoux, 1988) and smoothed (to 10 mm) using SPM95 (Frackowiak and Friston, 1994) . The regional cerebral blood flow (rCBF) values for each subject were converted to ratios (to global CBF) and three types of analysis were carried out on the data: (i) an examination of the effects of memory delay on rCBF; (ii) an examination of the correlation between brain activity and behaviour; and (iii) an analysis of functional connectivity. The first analysis examined the effect of the five task conditions (memory and control) on rCBF using a multivariate technique known as 'partial least squares ' (McIntosh et al., 1996) . 'Partial least squares' is a multivariate analysis that identifies groups of brain regions distributed over the entire brain that together covary with some aspect of the experimental design, in contrast to the more typically used univariate analysis that assesses the significance of each region separately. 'Partial least squares' examines the covariance between brain voxels and the experimental design such that a new set of variables is identified (so-called Latent Variables or LVs, similar to principal components) that optimally relate the two sets of measurements. Each LV extracted represents an experimental effect and identifies both the pattern of task differences and the brain voxels showing that pattern. A 'brain score' calculated for each subject in each condition for each LV is an indication of how strongly the brain activity pattern identified by each LV is expressed in that subject. Comparison of these scores across conditions shows the change in rCBF characterized by each LV. Statistical significance of each LV as a whole was assessed by means of a permutation test (Edgington, 1980; McIntosh et al., 1996) and the stability of each brain voxel's contribution to the pattern seen on each LV was determined through bootstrap resampling (Efron and Tibshirani, 1986; Sampson et al., 1989) . A reliable contribution was made by voxels whose weight on a given pattern was greater than twice the estimated standard error of that weight, which corresponds to 95% confidence limits (Sampson et al., 1989) . Locations of the maxima for each reliable region (containing at least 20 contiguous voxels) are reported in terms of brain region, or gyrus, and Brodmann area as defined in the Talairach and Tournoux atlas.
The analysis of the effects of the task on rCBF was carried out on controls and Alzheimer's disease patients separately as well as on the two groups combined. The correlations between the LVs obtained from the combined-group analysis and those from the two within-group analyses were calculated to obtain an indication of whether one group contributed primarily to a specific combined-group pattern or if both groups contributed equally. Group ϫ Task interactions were examined by contrasting the within-group brain scores from those LVs that correlated with each combined LV using an ANOVA. The separately determined scores were compared rather than the scores from the combined analyses because having Group entered into the design matrix as a variable biases these latter scores. It is important to note that since the ANOVAs were carried out on the brain scores, which reflect activity across the whole image, any between-group differences apply to the entire pattern of activity and not just to any single region. The brain-behaviour and functional connectivity analyses were also carried out using 'partial least squares ' (McIntosh, 1999) . The brain/behaviour analysis examined the correlations between the behavioural measures obtained during the four delay conditions and brain activity in all voxels. This was done with both behavioural measures in the patient group (accuracy and reaction time) and with reaction time only in the control group (correlations with accuracy could not be validly carried out in this group since at least half the controls performed at ceiling on each of the delay conditions, thus restricting the range of values). For the functional connectivity analysis, the correlations between rCBF in a reference region and all other brain voxels were examined in the four delay conditions of patients and controls (see Results for regions used as the reference voxels). For both of these analyses, correlations were computed between the variable of interest and rCBF in all brain voxels within each of the delay conditions, and then these correlations were compared using 'partial least squares' across the conditions.
Results

Memory performance
The behavioural results from the four memory conditions are shown in Fig. 1 . There were significant effects of delay [F(3, 84) ϭ 15.1, P Ͻ 0.001] and group [F(1, 28) ϭ 31.0, P Ͻ 0.001] on face recognition accuracy, with the patients showing impaired face memory overall. However, the Task ϫ Group interaction was also significant [F(3, 84) ϭ 7.5, P Ͻ 0.001]. Separate analyses on controls and patients revealed that the control group showed no significant effect of delay on recognition accuracy [F(3, 54) ϭ 1.7, P Ͼ 0.10], whereas the patients did show a significant effect of delay [F(3, 27 ) ϭ 8.2, P Ͻ 0.001]. There were significant effects of delay [F(3, 84) ϭ 76.1, P Ͻ 0.001] and group [F(1, 28) ϭ 13.3, P ϭ 0.001] on reaction times as well, but the interaction of delay and group was not significant. Thus, only the Alzheimer's disease patients showed a decline in recognition accuracy with increasing memory delay, but both groups had increased response times as delay increased.
Task effects on brain activity
The controls showed two significant LVs related to the memory tasks (LV1, P Ͻ 0.0001; LV2, P Ͻ 0.025), the Alzheimer's disease patients showed only one significant LV (P Ͻ 0.01) and the combined group analysis identified two significant LVs (both P values Ͻ 0.0001). The first combinedgroup LV (Fig. 2) was correlated with the first LV from the control subjects (r ϭ 0.98) and with the second non-significant LV from the Alzheimer's disease patients (r ϭ 0.58). In addition, there was a significant Task ϫ Group interaction on the scores [F(4, 120) ϭ 9.3, P Ͻ 0.001]. The regions identified by this LV differentiated the short memory delay conditions (1 s and 6 s) from the control task in the healthy elderly adult group. Since this pattern characterized the shortest delay conditions in which the greatest number of faces was seen, it represented brain activity associated with both face processing and memory over very short delays. Increased activity during the short-delay conditions compared with the control task was found in bilateral areas of the ventral and dorsal extrastriate cortex, the prefrontal cortex (both ventral and dorsal regions), the parietal cortex and premotor regions (Table 1) . The control task was accompanied by increased activity, relative to the 1 s and 6 s delay conditions, in perisylvian areas bilaterally and in the medial prefrontal cortex. It can be seen from Table 1 that this pattern was entirely due to the contribution from the control group, as none of the regions identified by this LV were reliably found in the Alzheimer's disease patients.
The second pattern (Fig. 3) was correlated with the second LV from the control subjects (r ϭ 0.55) and with the significant LV from the Alzheimer's disease patients (r ϭ 0.89). There was also a significant Task ϫ Group interaction on this LV [F(4, 120) ϭ 12.0, P Ͻ 0.001]. As can be seen from these correlations and the reliability ratios shown in Table 2 , the Alzheimer's disease patients contributed more strongly to this pattern, which identified brain areas whose activity differentiated the longer delay conditions from the control condition and the 1 s delay (Fig. 3) . The areas with reliably increased activity during the longer delays in the patients included the right prefrontal cortex (an inferior region and a dorsolateral one), the left amygdala, anterior cingulate and the cuneus (Table 2 ). Only one of these areas, the ventral prefrontal region, showed reliably increased activity in the control participants at the longer delays, although there was a tendency for increased activity in most of the regions. Interestingly, although not identified by this combined group LV, the within group analysis of the Alzheimer's disease patients also showed a reliable increase in the left hippocampus at the longer delays (see Fig. 3 ; X ϭ -36, Y ϭ -26, Z ϭ -12; reliability ratio ϭ 2.55) which was not reliable in the controls (ratio ϭ 0.35). Areas with increased activity during low or no memory demand were in perisylvian regions and the posterior extrastriate cortex. The areas of maximal increase at the longer delays in the control group (identified from the within-group analysis) were in bilateral regions of anterior prefrontal cortex, a ventral anterior cingulate region and an area in the left temporal cortex (Fig. 3 and Table 2 ). The Alzheimer's disease patients did not show reliable changes in these areas (Table 2 ).
Brain/behaviour correlations
Each of the three brain/behaviour analyses (one in the controls and two in the patients) resulted in a single significant LV (all P values Ͻ 0.02) that identified a set of brain regions with similar correlations across the four delay conditions. In order to limit the focus of these analyses to those areas that showed both a task effect and a behavioural effect, we report here those maxima from the behavioural analyses that were located within 2 cm or less from regions showing an increase in activity at the longer delays. Table 3 shows the coordinates of the reliable areas that were identified by both the task analyses (taken from the within group analyses to best characterize each group) and the analyses of brain/behaviour correlations. In the control group there were two prefrontal areas and a left temporal region that showed both an increase in activity at the longer delays and a relation with reaction time, such that increased activity was correlated with a reduction in reaction time. In the Alzheimer's disease patients the right cuneus and the left amygdala region showed a reliable contribution to the task analysis and both behavioural analyses (Table 3 ). Blood flow in these regions was increased in the delay conditions compared with the control task, was positively correlated with accuracy on the tasks (except for the 6 s condition) and negatively correlated with reaction time in the patients. An additional area, in the right ventral prefrontal cortex, showed an increase in activity with longer memory delays in the patients and a positive correlation with accuracy, but was not correlated with reaction time (Table 3) .
Functional connectivity
The regions chosen for the functional connectivity analysis were those from Table 3 that showed the largest task effects in each group. In the control group this was a right anterior prefrontal region and in the patients it was the left amygdala (shown in italics in Table 3 ). Thus, the connectivity analysis was carried out on regions where there was increased activity during the longer delay conditions and where this increase was associated with better performance on the tasks. Since both controls and patients showed areas in the right prefrontal cortex with this pattern, the specific prefrontal coordinates for each group were used in the analysis (see Table 3 ). The The graph on the right of the figure shows the mean brain scores for each condition on the combined group LV for controls and Alzheimer's disease patients (AD). These scores are analogous to factor scores in a principal component analysis and each subject receives a score for each condition. Brain regions shown in yellow and red have greater activity during those conditions with positive mean brain scores (i.e. these regions have positive weights on the LV) and areas shown in blue have greater rCBF during those conditions with negative mean brain scores (negative weights). There was a significant Task ϫ Group interaction on the scores (see text). Local maxima of these regions can be found in Table 1. same coordinates for the left amygdala were used for both patients and controls.
The brain areas where blood flow was correlated with activity in the right prefrontal cortex (P Ͻ 0.001) in the controls are shown in Fig. 4A . Positive correlations across the four delay conditions were found in widespread areas of prefrontal cortex bilaterally, including both ventral and dorsal portions (Table 4) . Positive correlations were seen also in the bilateral extrastriate and parietal cortices, right hippocampus, and the posterior cingulate. The negative Coordinates and estimated Brodmann areas (BA) from Talairach and Tournoux (1988) . x (right/left): negative values are in the left hemisphere; y (anterior/posterior), negative values are posterior to the zero point (located at the anterior commissure); z (superior/ inferior), negative values are inferior to the plane defined by the anterior and posterior commissures. *Reliability ratio for these regions in the separate analyses of control subjects and Alzheimer's disease (AD) patients. Abbreviations for all tables: Nuc ϭ nucleus; Hem ϭ hemisphere; R ϭ right; L ϭ left; M ϭ midline (ഛ5 mm from 0 point in x dimension); BA ϭ Brodmann area; Cu ϭ cuneus; GF ϭ fusiform gyrus; GL ϭ lingual gyrus; GOi ϭ inferior occipital gyrus; GOm ϭ middle occipital gyrus; GH ϭ parahippocampal gyrus; GF(s, m, i, d) ϭ frontal gyrus (superior, middle, inferior, medial); GOb ϭ orbitofrontal gyrus; GC ϭ cingulate gyrus; GPrC ϭ precentral gyrus; GPoC ϭ postcentral gyrus; Gs ϭ subcallosal gyrus; Gsm ϭ supramarginal gyrus; GT(s, m, i) ϭ temporal gyrus (superior, middle, inferior); GTT ϭ transverse temporal gyrus; LPi ϭ inferior parietal; LPc ϭ paracentral lobule; LPs ϭ superior parietal; P ϭ pulvinar nucleus of the thalamus; Pcu ϭ precuneus.
correlations were mainly in ventral occipital, anterior temporal and sensory regions. In Alzheimer's disease patients, the right prefrontal cortex was correlated (P Ͻ 0.001) with other prefrontal areas, particularly in the right hemisphere, showing considerable overlap with those prefrontal areas correlated with the right prefrontal cortex in the controls (Fig. 4B ). Other areas of positive correlation were seen in the extrastriate and temporal cortex and the insula (Table 4) . Areas where activity was negatively correlated with that in the right prefrontal cortex of the patients included posterior visual areas and some subcortical regions, including the putamen, where activity was positively correlated with the right prefrontal cortex in controls (Table 4) . The areas where rCBF was positively correlated with activity in the left amygdala across all delay conditions in the control group (P Ͻ 0.001) were found mainly in temporal regions, including the posterior portion of both parahippocampal gyri and the fusiform gyri ( Fig. 5A and Table 5 ). Positive correlations in the anterior cortex were restricted to the anterior cingulate in the left hemisphere and ventral prefrontal regions in the right hemisphere. Negative correlations with the left amygdala were seen in the bilateral dorsal frontal, parietal and posterior extrastriate regions, as well as in the dorsal cingulate. The Alzheimer's disease patients showed a pattern of positive correlations (P Ͻ 0.01; Fig. 5B ) that included the bilateral posterior parahippocampal gyri, the left pulvinar and insula, a large area of the left prefrontal cortex that included ventral and dorsal regions and both anterior and posterior cingulate (Table 5) . Negative correlations of rCBF were seen in the posterior extrastriate cortex and the right dorsolateral prefrontal cortex.
Discussion
The behavioural results of this experiment are consistent with previous studies of memory impairment in Alzheimer's disease that have shown worsening memory performance with delay and provide further evidence that even delays of a few seconds are sufficient to degrade performance. This was in sharp contrast to the recognition accuracy found in the healthy controls, which did not change across the delay conditions. This difference in performance can be viewed as an increased vulnerability of visual representations over short periods of time in Alzheimer's disease patients, represen-tations that are readily maintained in healthy elderly adults. This increased vulnerability is probably related to the degenerative changes that are presumably occurring in the medial temporal regions, and the cortical regions with which they connect. Consistent with the behavioural data, the brain activity pattern associated with memory delay in the Coordinates shown in italics indicate the regions chosen for the functional connectivity analysis. *Values for the Task analysis are the percentage increase above the control task level at the specified coordinates. The coordinates for the task are from the within group analyses and are the same as in Table 2 for the control subjects. For the Alzheimer's disease patients the coordinates are those closest to the maxima shown in Table 2 . Values for the behavioural analyses are the correlations between the behavioural measures and rCBF at the given coordinates (which are maxima from the behavioural analyses). † Ratio ϭ reliability ratio for these regions from the specified analysis. . Local maxima of these regions can be found in Table 2 . Table 4. Alzheimer's disease patients also suggested a decline in function with increasing delay, as it was most prominent in the 6 s condition. Thus, both the memory performance and the brain activity data in the patients suggest difficulty in maintaining a face representation for more than about 5 s.
The control group showed brain activity patterns that characterized both the short-and long-delay conditions. One pattern was related both to short-delay conditions and face perception and included a number of regions previously found to be involved in these processes, including extrastriate Abbreviations can be found in the legend to Table 1 .* Ratio ϭ reliability ratio for these regions.
Fig. 5
Brain areas where rCBF is correlated with activity in the left amygdala (x ϭ -24, y ϭ -6, z ϭ -12) in controls (A) and patients (B). Areas are shown on a standard MRI beginning at -28 mm relative to the AC-PC line (top left slice) and extending up to 40 mm above the AC-PC line (bottom right slice). White areas are those where activity is positively correlated with activity in the left amygdala (indicated by arrow in B) across the four delay conditions and black areas are those with negative correlations. Local maxima of regions of correlated activity can be found in Table 5. regions and the ventral prefrontal cortex (Haxby et al., 1994 Kanwisher et al., 1997) . The other pattern identified regions with increased activity in the longer-delay conditions, mainly in the prefrontal cortex, similar to that previously described in a subset of these older adults (Grady et al., 1998) and consistent with other reports of prefrontal activation during face memory Courtney et al., 1997; Furey et al., 1997) . This finding is expanded in the current analysis to show that these prefrontal areas show strong positive interactions with one another in both shortand long-delay conditions, within each hemisphere as well as across hemispheres. In addition, activity in the right anterior prefrontal cortex correlates positively with activity in the extrastriate cortex and with the right hippocampus across the memory delays. It is worth noting that the role of the hippocampus in this memory task was revealed only through the analysis that examined functional connectivity and not in the task analysis, highlighting the usefulness of this approach to neuroimaging. The correlated activity between the right prefrontal cortex and the extrastriate cortex during these face memory tasks replicates our previous finding of correlated activity between these areas during face perception without a memory component . These two sets of results together indicate that healthy older adults engage a network of regions that includes posterior visual areas and the prefrontal cortex for face processing in general, and additionally recruit the hippocampus for representing faces in short-term memory. The importance of the prefrontal cortex for working memory function in the elderly is further underlined by the association between activity in prefrontal regions and better performance on the tasks, as measured by reaction time, a correlation that also has been reported in older individuals by Rypma and D'Esposito (Rypma and D'Esposito, 2000) . The Alzheimer's disease patients showed marked differences from the controls in brain activity patterns during memory as well as in functional connectivity. In the patients, prefrontal activity during the memory tasks was found only in the right hemisphere and the correlations between this region and other brain areas were also limited mainly to the frontal lobes. There was no correlated activity between the right prefrontal cortex and the hippocampus in the patients during the delay conditions. This is consistent with our hypothesis of anterior-posterior disconnection in these patients and indicates that the prefrontally mediated network used by healthy elderly adults for this task is disrupted in early Alzheimer's disease. In addition, there was limited correlation between activity in the prefrontal cortex and visual areas seen in the patients, particularly the face-sensitive ventral visual areas, suggesting that there is a functional disconnection of these areas consistent with that found previously during face perception . The absence of increased left prefrontal activity during the longer memory delays in the patients is in contrast to that previously found in healthy young adults and to that seen in the control group in this experiment. The increase of left prefrontal activity during this task has been interpreted as a shift from a purely maintenance strategy at short delays to strategies relying on more elaborate processing of the faces at longer delays. Since the patients show no such increase, this may be an indication that they fail to engage these more elaborate strategies. In addition, we did not find an above-normal increase of prefrontal activity in the Alzheimer's disease patients such as that reported in patients during verbal memory paradigms (Becker et al., 1996; Woodard et al., 1998; Backman et al., 1999) , although this difference could be due to the inherent differences between verbal and nonverbal tasks as well as the differences between recognition and recall. Nevertheless, the maintained activity in the right prefrontal cortex was consistent with our hypothesis that prefrontal activity would be relatively spared during these tasks. However, the functional disconnection of the prefrontal cortex with the posterior cortical regions indicates that an examination of task-related rCBF differences alone is not sufficient to rule out alterations of function in any given area.
Perhaps the most interesting, and unexpected, difference between patients and controls was the increased activity in left medial temporal regions seen at the longer delays in the patients, despite the fact that these areas are affected relatively early in Alzheimer's disease (Braak et al., 1993) . In addition, the amygdala in patients was found to have functional connections with a widespread area of the left prefrontal cortex, as well as the insula, anterior cingulate, pulvinar, and posterior portions of the parahippocampal gyri. These results highlight two important points about medial temporal activation in Alzheimer's disease patients during cognitive tasks. The first is that the medial temporal regions may show increased activity during cognitive tasks, despite presumed damage to these areas, although others have shown such activation to be less than normal (Small et al., 1999) . The second point is that one medial temporal area, such as the hippocampus, may be functionally disconnected to the prefrontal cortex in Alzheimer's disease patients, compared with controls, whereas another region, such as the amygdala, may have increased connections to the prefrontal cortex. This suggests that dynamic changes in the functional roles of medial temporal regions can occur in demented patients and are reflected in how activity in these regions covaries with the rest of the brain.
The amygdala is anatomically connected to all of the regions with which it showed correlated activity (Amaral et al., 1992) and many of these areas, including the amygdala, are involved in the emotional processing of faces. For example, the amygdala is thought by some to mediate the processing of facial emotion, particularly fear (Adolphs et al., 1994; Young et al., 1995; Broks et al., 1998; Morris et al., 1998; Whalen et al., 1998a) , even when the emotional processing is implicit or unconscious (Whalen et al., 1998a; Morris et al., 1999) . This region may also be active during nonemotional processing of unfamiliar faces (Dubois et al., 1999) . The insula (Phillips et al., 1997) , pulvinar (Morris et al., 1999) , and inferior prefrontal cortex (Hornak et al., 1996) are also involved in emotional processing of faces and the ventral part of the anterior cingulate is activated in a number of emotional tasks (Mayberg, 1997; Taylor et al., 1998; Whalen et al., 1998b) . The finding of correlated activity among all these areas in the patients, but not in controls, may indicate that the patients have accessed a network that mediates the processing of facial emotion. If so, this access could have been either explicit or implicit. That is, the patients could have placed more emphasis on the emotional expressions of the faces in their attempt to remember them, whereas the controls could have relied more on other facial characteristics, such as the particular features. This conjecture of feature analysis in controls is consistent with their selfreports of strategies used during the task. Although none of the patients reported using emotion as a mnemonic strategy, they may not have had sufficient insight into their strategies or may not have remembered them. On the other hand, access of emotional information by the patients might have been implicit, similar to the 'mere exposure effect', which refers to the finding that subjects express greater preference for stimuli that they have been exposed to over new stimuli (Kunst-Wilson and Zajonc, 1980) . This effect, which is considered to be an affective response and a measure of implicit memory, has been found for faces in Alzheimer's disease patients to the same extent as that seen in healthy elderly adults despite patients' impaired explicit memory for faces (Winograd et al., 1999; Hamann et al., 2000) . These findings suggest that Alzheimer's disease patients' implicit emotional reactions to faces are intact and even explicit emotional processing of faces in Alzheimer's disease patients may not be impaired (Roudier et al., 1998) . In addition, there is evidence that affective responses to stimuli occur prior to cognitive processing of these stimuli and that once cognitive processing occurs, it can modify or remove the influence of the affective response (Murphy and Zajonc, 1993) . So it may be that the control subjects utilize a cognitive system to remember the faces (e.g. an anterior prefrontal-hippocampalextrastriate system), whereas Alzheimer's disease patients have an impairment of the cognitive processing system so the affective system may assume greater influence (e.g. an inferior prefrontal-amygdala-insula system). In addition, the affective system may partially ameliorate the damage to memory resulting from the altered cognitive system, as indicated by the finding that activity in the left amygdala correlated with better performance on the memory tasks as measured by both accuracy and reaction time. Clearly, although our results are consistent with such a notion, this is a hypothesis that needs direct experimental confirmation in future work.
Thus, our results indicate that Alzheimer's disease patients are impaired on short-term face memory tasks and show differences in the functional networks underlying memory over short delays. Although a difference in performance between the patients and controls leads to an obvious difficulty in interpretation of the brain activity data, there are two aspects of the behavioural data that mitigate these difficulties. First, the patients were able to perform the face memory task at near normal levels during the 1 s delay condition, making it unlikely that brain differences seen in this condition were due to an inability to carry out the task instructions. Secondly, even at the 16 s delay condition, their performance was well above chance (50% for this type of two alternative task), indicating that the overt behaviour of the patients was similar to that of the controls for the majority of the time spent on the task. Thus the differences seen in brain activity between the two groups reflect alterations in the way the task was carried out but not a failure on the part of the patients to understand what was expected of them.
We have been able to show that in mildly demented Alzheimer's disease patients the breakdown in memory for unfamiliar faces is due, at least in part, to a reduction in the functional connectivity of the right prefrontal cortex with other areas such as the right hippocampus and visual cortices. These connections are present in healthy elderly individuals and appear to be critical for maintaining representations of the faces over the short-delay intervals used in this experiment. These results clearly show the usefulness of assessing functional interactions in disease populations, which can reveal the failure to engage the network used by controls and can identify alternate networks that may be involved. They also provide further support for the idea that alternate brain networks may play a compensatory role early in the course of Alzheimer's disease under some conditions and that in the case of face memory this alternate network may be one that mediates the processing of the affective content in the faces.
